ABSTRACT Before the release of genetically-modiÞed or sterile male mosquitoes in an attempt to control local populations of malaria vectors, it is crucial to determine male traits involved in mating success. The effects of male size and age as determinants of male mating success in Anopheles gambiae s.s. were measured in the Þeld and under laboratory conditions in Burkina Faso. First, the body sizes (estimated by wing length) of mating, swarming, and indoor-resting male mosquitoes were compared over a 3-yr period (2006 Ð2009) from July to October in Soumousso and Vallé e du Kou, two villages in western Burkina Faso. Second, the age structure of swarming and resting male mosquitoes were characterized based on the number of spermatocysts and the proportion of sperm in the reservoir of wild-caught male testis. Third, male age effects on the insemination rate of female An. gambiae were investigated in the laboratory. The mean size of males collected in copula was signiÞcantly larger than the mean for swarming males and indoor-resting males. The optimum male age for successful insemination of females was 4 Ð 8 d. These results suggest that male size is an important trait in determining male mating competitiveness in the Þeld. Although age was not found to be a signiÞcant factor in mating competitiveness, it was signiÞcantly correlated with swarming behaviors in the Þeld and insemination success in the laboratory. The implications of these results in terms of sexual selection in An. gambiae and vector control programs are further discussed.
The release of malaria-resistant genetically modiÞed mosquitoes (GMM), the use of sterilized male techniques (SIT), or both, as alternative strategies for vector control require a proper understanding of mosquito reproductive behaviors, such as swarming and mating, in wild populations (Benedict and Robinson 2003) . Knowledge of mating systems and the age structure of natural populations are a prerequisite to understand potential barriers to mating between modiÞed male strains and natural populations (Ferguson et al. 2005, Howell and Knols 2009) . Over the past 10 yr, naturally occurring swarms in populations of An. gambiae s.s., the primary vector of malaria in sub-Saharan Africa, have been relatively well studied in Africa (Charlwood et al. 2002) , especially in west Africa (Diabaté et al. , 2006 (Diabaté et al. , 2009 (Diabaté et al. , 2011 . For example, recent data from Mali indicates that differences in swarm characteristics of the M and S molecular forms of An. gambiae s.s. within sympatric populations may be contributing to the ongoing speciation process that is gradually separating these forms into discreet entities; the two molecular forms segregate in their swarming places by aggregating at different types of visual swarm markers (Diabaté et al. 2009 (Diabaté et al. , 2011 .
The full behavioral sequence of mating in An. gambiae s.l. is also beginning to be unraveled. Studies have shown that An. gambiae mating occurs around dusk at speciÞc sites where hundreds to thousands of ßying males form swarms to attract females (Downes 1969 , Charlwood et al. 2002 , Yuval 2006 . At short range, individuals of both sexes engage in interactive auditory behaviors, whereby males and females respond to acoustic tones by altering their wing-beat frequencies (Cator et al. 2010 , Pennetier et al. 2010 ), a phenomenon termed harmonic convergence (Gibson and Russell 2006; Cator et al. 2009 Cator et al. , 2010 Warren et al. 2009; Cator and Harrington 2011) . These studies have suggested that harmonic convergence is involved in mate recognition and selection. During copulation, the male transfers sperm and accessory gland secretions that seem to inhibit female remating and induce oviposition (Klowden 1999) . After copulation, although females rapidly leave the swarm, males can stay and seek for another mate .
Although An. gambiae s.s. is certainly among the most extensively studied insect and is subject to intensive population control efforts, factors associated with male mating success remain poorly understood. Studies in An. gambiae and other anopheline mosquitoes have identiÞed a number of determinants of male mating success including male genetics (Voordouw and Koella 2007) ; age Reisen 1982, 1994; Verhoek and Takken 1994; Chambers and Klowden 2001) ; body size , NgÕhabi et al. 2005 , Cator et al. 2010 ; and spatial and temporal position within the swarm Yuval and Bouskila 1993) . However, results on some of these factors have proven difÞcult to reconcile. In particular, although male body size was found to be correlated with mating success in some instances , NgÕhabi et al. 2005 , it had no effect in others (Charlwood et al. 2002 (Charlwood et al. , 2003 . In An. gambiae s.s., recent Þndings indicate that male body size can also play a role in mate assessment by modulating the production and response to acoustic signals involved in harmonic convergence (Cator et al. 2010 ).
Male age is another factor that provides conßicting results in regard to mating success. For example, mating activity of male An. stephensi was reported to peak at 3 d of age (Mahmood and Reisen 1982) , although it peaked at about 7 d after emergence in An. gambiae s.l. and An. culifacies Reisen 1994, Verhoek and Takken 1994) . In addition, 2-d-old An. gambiae s.s. males seem most likely to induce female oviposition (Chambers and Klowden 2001) . Although these studies have generated an important body of knowledge on the age effect on female insemination rate in the laboratory, the effects of age on male copulatory success has not been investigated.
GMM-and SIT-based control efforts rely on the release of large numbers of modiÞed males. Because the success or failure of these strategies greatly hinges on the sexual competitiveness of the released males relative to that of wild males, it is crucial that we understand the factors that contribute most to male mating success in wild populations of malaria mosquitoes (Scott et al. 2002) . In this study, we explored the extent to which body size and age of male An. gambiae s.s. males inßuence their mating success in both Þeld and laboratory conditions.
The Þrst objective of this study was to test whether male body size (estimated as wing length) affects mating success in the Þeld. The second objective was to investigate for the Þrst time whether male age inßuences copulatory success in the Þeld, using the morphological technique described by Huho et al. (2006) for age-grading male An. gambiae. Finally, the third objective was to determine whether male age inßuences female insemination rates in the laboratory.
Materials and Methods
Study Sites. Soumousso (11Њ 00Ј46Љ N, 4Њ 02Ј45Љ W) is a typical Guinean savannah village situated Ϸ55 km east of Bobo-Dioulasso, the second largest town of Burkina Faso. There are two distinct seasons, with the heaviest rainfall from May to October (annual average of 1,000 Ð1,200 mm). The breeding sites consist mostly of rain-Þlled puddles and a semipermanent swamp. Three main malaria vectors are found in this village, including An. gambiae s.s. of both M and S molecular forms, An. funestus Giles, and An. nili (Theobald) . Anopheles arabiensis Paton is occasionally reported at low frequencies (Ͻ5% of An. gambiae s.l. samples) (Dabiré et al. 2007 ). Since 2003, the swarming behavior of sympatric populations of An. gambiae s.s. M and S molecular forms has been studied in this area (Diabaté et al. 2006) .
Vallée du Kou (11Њ 24Ј29Љ N, 04Њ 24Ј37Љ W) is Ϸ 30 km northwest of Bobo-Dioulasso in the valley of the Kou River, an area where extensive rice cultivation has been practiced since the 1970s. This area contains seven villages covering 1,200 ha surrounded by wooded savannah. As the Kou River ßows all year round, it offers a permanent source of water for irrigation, hence allowing two crops of rice per year (from July to November and from January to May). Because of irrigation, the rice Þelds are highly productive permanent mosquito breeding sites. Additional anopheline breeding sites include depressions and rain puddles. Both M and S molecular forms of An. gambiae s.s. are recorded at high densities during the rainy season, especially for the M form, with mean biting rates as high as Ϸ 200 bites per person per night . Since 2003, swarms of An. gambiae s.s. have been sampled and associated ecological parameters have been monitored regularly in the village identiÞed as "seven" (VK7), which is located at the end of the rice Þelds .
Experiment 1: Influence of Body Size on the Mating Success of Wild Male An. gambiae s.s. Swarming single males, males and females in copula in swarms, and indoor resting males were collected in the two study areas at dusk on four consecutive days each month from July to October over 3 yr (2006 Ð2008). Swarming mosquitoes (single males and copulae) were caught from nine swarms in 2006 and 2007, and from 10 swarms in 2008 by using mosquito nets. Indoor-resting males were collected by manual aspiration in houses. Mosquitoes were identiÞed visually, killed, and kept in 1.5-ml tubes for further processing.
The wing lengths of Þeld-collected males were measured in the laboratory; pairs of mosquito wings were removed under a binocular microscope and mounted on a slide. Photographs of the wings were taken under 40ϫ magniÞcation, stored on computer, and the lengths from the alula notch to the wing tip (Charlwood et al. 2003) were measured using Image J software. The averages of the two wing lengths were used for statistical analysis.
Experiment 2: Influence of Age on the Mating Success of Wild Male An. gambiae s.s. To establish a classiÞcation system for age-grading male An. gambiae, based on the methodology described in Huho et al. (2006) , we Þrst conducted a preliminary assay to determine the relationship between male age and morphology of the testis in the laboratory. Male An. gambiae s.s. M-form from three age groups (1-, 5-, and 10-d-old virgin males, 30 individuals per group) belonging to an F1 generation of wild mosquitoes collected from VK7 were dissected. The number of spermatocysts and the sperm reservoir volume then were assessed using a 20ϫ magniÞcation microscope for all three age groups. We found that male age was significantly correlated with the morphology of the testis. First, the number of spermatocysts decreased significantly with male age, with the highest number of spermatocysts in 1-d-old males and the lowest in 10-d-old males (R 2 ϭ 0.94, P Ͻ 0.05; Fig. 1A) . Second, the size of the sperm reservoir was positively correlated with male age (R 2 ϭ 0.89, P Ͻ 0.05; Fig. 1B) , with Ͻ40% of the reservoir Þlled with sperm in 1-d-old males and Ͼ80% in Ͼ4-d-old males. Collectively, these results indicate that the methodology developed by Huho et al. (2006) is a reliable morphological technique to gauge the age of male An. gambiae s.s.
We then used this information to gauge the age of wild mosquitoes. Sampling occurred at dusk on four consecutive days each month from July to October in 2009 in the two study sites. Swarming mosquitoes (single males and copulae) were caught from 10 swarms by using mosquito nets. Indoor-resting males were collected by manual aspiration in houses located either inside the villages or at the edge of the villages, close to a breeding site (within 10 m), where we expect to Þnd young mosquitoes. Mosquitoes were identiÞed visually, brought back alive to the lab, where they were maintained in individual plastic cups with 5% glucose solution until the next morning. In the laboratory, Þeld-collected males were dissected and the numbers of spermatocysts present were counted and the sperm volume measured. Based on the correlations obtained from the preliminary assay with males of known age (Fig. 1) , the wild-caught males were classiÞed as belonging one of two age groups accordingly: 1) those containing 0 Ð3 spermatocysts and a high volume of sperm in the reservoir were classiÞed as older males (Ͼ4 d old), and 2) those containing Þve to 10 spermatocysts and a low volume of sperm were classiÞed as young males (Ͻ4 d old).
Experiment 3: Effect of Male Age on Female Insemination Rate in the Laboratory. Thirty 3-d-old virgin female An. gambiae s.s. M-form adults from an F1 generation of wild mosquitoes collected from VK7 were placed in cages (15 by 15 by 15 cm). Ten virgin males of a particular age (2, 4, 6, 8, or 10 d old) were released in cages of 30 virgin females. Four replicates were performed for each treatment (four cages of 30 females and 10 males each ϫ Þve age groups). Glucose solution (5%) was provided during the experiments. The mosquitoes were left to mate for 72 h. At the end of the experiment, all mosquitoes were removed by mouth aspirator and immediately chilled on wet ice. We compared wing lengths of males from the different age groups to test if male body size differed among age groups. No signiÞcant body size differences were found between the age groups (one-way analysis of variance [ANOVA]; F ϭ 0.67, df ϭ 4, P ϭ 0.61). Finally, spermathecae of all females were dissected to identify their insemination status.
Data Analysis. The wing lengths of the different groups were compared using ANOVA. A NewmanÐ Keuls Multiple Comparison post hoc test was used to compare the mean wing length between the groups. The age classiÞcations of wild male mosquitoes (based on their number of spermatocysts and the volume of the sperm reservoir) were compared between months, villages, and sampling locations (swarm in copula, swarm single, houses inside villages, houses near breeding sites) with the chi-square test or nonparametric tests (Pearson, KruskallÐWallis, or Wilcoxon tests). We used the KruskallÐWallis test to compare the insemination rates of groups of 30 females exposed to groups of 10 males that were 2, 4, 6, 8, or 10 d old in the laboratory experiments. The Wilcoxon test then was used to make pair-wise comparison between the age groups.
Results
Experiment 1: Influence of Body Size on the Mating Success of Wild Male An. gambiae s.s. In total, wing lengths were measured for 1,524 males consisting of 334 males caught in copula, 610 swarming single males, and 580 males from indoor resting sites from villages (Fig. 2) . We found that there was a signiÞcant effect of where males were caught and their body size (es- timated as wing length) (ANOVA; F ϭ 17.87, df ϭ 2, P Ͻ 0.05). The mean wing length of males caught in copula were signiÞcantly longer than those collected as single males within the swarms (NewmanÐKeuls multiple comparison test q ϭ 8.44, P Ͻ 0.05) and than those collected indoors (q ϭ 5.05, P Ͻ 0.05). Furthermore, the mean wing length of indoor-collected males was also longer than that of single males caught within swarms (q ϭ 3.93, P Ͻ 0.05).
There were, however, some differences in these results between years. Although males in copula were always larger than swarming single males (q ϭ 8.21, P Ͻ 0.05; q ϭ 4.84, P Ͻ 0.05; q ϭ 3.09, P Ͻ 0.05 for 2006, 2007, and 2008, respectively (Table 1) Experiment 2: Influence of Age on the Mating Success of Wild Male An. gambiae s.s. Overall, male age structure did not differ between villages (Pearson test, 2 ϭ 3.31, df ϭ 1, P ϭ 0.06; Fig. 3 ) with a higher percentage of old males (Ͼ4 d) in collections from swarms than from indoor resting sites inside the villages (86 versus 66%, Pearson test, 2 ϭ 51.73, df ϭ 1, P Ͻ 0.05, for VK7; 90 versus 69%, 2 ϭ 50.14, df ϭ 1, P Ͻ 0.05 for Soumousso) or from indoor-resting sites close to a breeding site (86 versus 47%, Pearson test, 2 ϭ 162.64, df ϭ 1, P Ͻ 0.05 for VK7; 90% versus 67%, 2 ϭ 59.31, df ϭ 1, P Ͻ 0.05 for Soumousso) (Fig. 3 ). There was, however, a difference between the villages in the effect of collection site on male age structure (Fig. 3) . In Soumousso, males collected from indoor resting sites in the village were not signiÞcantly different in age than those collected near breeding sites (respectively 69% of Ͼ4 d-old males versus 67%, Pearson test, 2 ϭ 0.20, df ϭ 1, P ϭ 0.66). In contrast, in VK7 the proportion of males that were Ͼ4 d old was signiÞcantly higher in the indoor resting sites than those collected near breeding sites (66% versus 47%, Pearson test, 2 ϭ 15.04, df ϭ 1, P Ͻ 0.05). Figure 4 summarizes these results in terms of the number of spermatocysts and the sperm reservoir volume.
Our Þndings also indicate that the numbers of spermatocysts and the percentage of the sperm reservoir Þlled for males caught in copula were not signiÞcantly different from that of single swarming males regardless of the study sites (Pearson test, 2 ϭ 0.05, df ϭ 1, P ϭ 0.82) (Fig. 5) . However, males in swarms as single males or in copula were signiÞcantly older than males in the other sites (Fig. 3) , for unknown reasons.
Older males (Ͼ4 d) were found mostly toward the second half of the rainy season, particularly between August and October, with the highest proportions recorded in September, irrespective of the sampling Males in mating copulae (i.e., pairing) were signiÞcantly larger than swarming males (t-test, t ϭ 6.14, P Ͻ 0.05) and males from resting sites (t-test, t ϭ 3.52, P Ͻ 0.05). Data followed by the same letter do not differ signiÞcantly (P Ͼ 0.05).
No., number of males measured; SD, standard deviation. sites (Fig. 6) . Conversely, relatively younger males were mainly collected from June to August irrespective of sampling site, peaking in July (Pearson test, 2 ϭ 43.63, df ϭ 4, P Ͻ 0.05; 2 ϭ 144.86, df ϭ 4, P Ͻ 0.05, for Soumousso and Vallée du Kou, respectively).
Experiment 3: Effect of Male Age on Female Insemination Rate: Laboratory Experiments. The insemination rates of females mated with 2-, 4-, 6-, 8-, and 10-d-old males ranged from 17. 7 Ϯ 8.51% to 35.4 Ϯ 5.80% (Fig. 7) . This rate differed signiÞcantly between the age groups of males (KruskalÐWallis, KW ϭ 9.89, P Ͻ 0.05) with females mated with 4 Ð 8-d-old males displaying higher level of insemination than females mated with 2-d-old-(Wilcoxon test, z ϭ 2.18, P Ͻ 0.05) or 10-d-old males (z ϭ 2.02, P Ͻ 0.05). Insemination rates of females mated with 4-to 8-d-old males did not differ signiÞcantly (KW ϭ 0.875, P ϭ 0.65). Likewise, insemination rates of females with 2-and 10-d-old males did not differ signiÞcantly (z ϭ 0.87, P ϭ 0.39).
Discussion
The objectives of this study were to test the extent to which factors such as male body size and male age inßuence male mating success. First, we found that male size was an important predictor of male mating success in the Þeld with large males having greater copulatory success than smaller males. Second, although male age had little importance in mating success, our results indicate that swarming males (single or in copula) were older than their indoor-resting counterparts. Finally, the maximum insemination rates in the laboratory occurred with 4 Ð 8-d-old An. gambiae males.
A great diversity of male traits inßuence mating success among animals, including size, age, shape, color, and ornaments. These traits often are correlated with the genetic quality of the bearer and hence with the reproductive beneÞts that females will ultimately derive. Male body size for example is a key trait in determining male mating success in insects through effects on female choice, coercion, or maleÐmale competition (Thornhill and Alcock 1983, Andersson 1994) . In swarming males, the level of energy reserve must be high to attend and participate in swarms (Yuval et al. 1994 , Yuval 2006 . Studies have suggested that large males have higher energy reserves than smaller males, enabling them to maintain ßight for longer periods (Petersson 1987 , Sartori et al. 1992 . However, in these insects, large size can also be traded-off against decreased ßight agility yielding to a stabilizing selection for intermediate male size (McLachlan and Allen 1987; Marden 1987 Marden , 1989b Neems et al. 1990; Peckarsky et al. 2002) . Based on a 3-yr survey, we here report that copulating males were larger than other nonmating swarming males and males sampled from the indoor-resting population. This indicates that large males experienced greater copulatory success and supposedly higher mating success. Although some studies also found a positive association between male body size and copulatory success , others found no relationship (Charlwood et al. 2002) . Several factors can explain this discrepancy including interspecies or interpopulations variation in mating characteristics, differences in the level of competition in larval habitats or temporal variation in the intensity of competition for mates (Charlwood et al. 2002 , Yuval 2006 . Our study was conducted during the wet season (July to October) for three consecutive years, and it would indeed be interesting to investigate this question during the dry season when larval competition and variation in adult body size are maximal.
Until recently it was assumed that variation in male mating success in swarms resulted from a random process or from maleÐmale competition and not from female choice (Yuval 2006 ). An increasing number of studies, however, indicate that mate selection, and potentially male courtship, can occur in this system through harmonic convergence (Cator et al. 2009 (Cator et al. , 2010 Warren et al. 2009; Pennetier et al. 2010 ). Therefore, male size and female choice can possibly interact to determine mating success in this system. First, besides increased energy level, large body size may simply provide increased Þghting ability in scramble com- petition (Beani and Turillazzi 1990, Alcock 1996) . Second, body size may also be indicative of general male Þtness and may therefore be used directly in female choice (Crean et al. 2000) . Finally, recent studies have demonstrated a correlation between wing size, wing beat frequency, and mating in Anopheles gambiae (Cator et al. 2010 , Sanford et al. 2011 ). In particular, large males and females produce higher frequency ßight tones than small individuals and both sexes respond more rapidly to higher frequency tones (Cator et al. 2010 ). An. gambiae is therefore able to acoustically distinguish between large and small potential mates and harmonic convergence by size can be used as mate assessment in this species (Cator et al. 2010 , Sanford et al. 2011 . Because femaleÕs wings are generally bigger than maleÕs, we here suggest that ßight tone may be a mechanism through which bigger males gain higher mating success. Testing these different possibilities and determining whether they act in concert, or independently, will be critical to better understand sexual selection in An. gambiae s.s.
Age is another male characteristic that is known to inßuence mating success in insects (Delisle 1995 , Olet et al. 2002 , Abila et al. 2003 , Shelly et al. 2007 , Amin et al. 2012 . In mosquitoes, although a number of studies have examined male age effect on insemination rate or sperm capacity Reisen 1982, 1994; Verhoek and Takken 1994; Chambers and Klowden 2001; Reisen 2003; Harrington 2007, 2009) , no study has explored age effects on male copulatory success. Here, we examined the effect of male age on two measures of mating success: copulatory success in the Þeld and female insemination rate in the laboratory.
First, we took advantage of a morphological method recently designed to determine the age structure of An. gambiae (Huho et al. 2006 ) to investigate the male age effect on swarm age structure and male mating competitiveness. Although males collected within swarms were signiÞcantly older than indoor-resting males, copulating males and other single swarming males had similar age distributions. These results indicate that age is certainly critical in initiating and displaying swarming behaviors, although it has no or little role in male copulatory success once males are sexually mature. The existence of an age threshold for swarming behavior suggests that before males engage in swarming, they need time to develop sufÞcient ßight muscles and a hardened exoskeleton for prolonged ßight and to reach sexual maturity Reisen 1982, 1994; Verhoek and Takken 1994) and to attain a sufÞcient level of energy reserves (Yuval 2006) . Second, we conÞrmed that maximum insemination rates are observed when females mate with intermediate-aged males (4 Ð 8 d old) Reisen 1982, 1994; Verhoek and Takken 1994) . Although, sexual immaturity probably accounts for the observed low insemination rate achieved by young males, it is less clear whether Ͼ8-d-old males are simply too weak to ßy and engage in copulation (i.e., decreased mating propensity) or whether their sperm became unviable overtime (i.e., sperm senescence).
SIT, GMM programs, or both that rely upon the production and release of large numbers of males require a good knowledge of An. gambiae s.l. mating systems prior successful implementation. This is mainly because the efÞcacy of these programs will largely depend on the mating competitiveness of the released modiÞed males compared with wild males. We found that male body size is one parameter affecting the mating competiveness of male An. gambiae, s.s. with larger males gaining more copulations than smaller swarming counterparts. From a disease control perspective, we therefore recommend the release of large males and emphasize that a "quantityÐ quality" rearing approach is needed. In particular, we warn against mass-rearing environments at the larval stage that would potentially produce smaller males with low mating competitiveness. This study also revealed that age of male An. gambiae inßuences both insemination rate and swarming behavior, but not sexual competitiveness. Four to eight-day-old mosquitoes appear to be the best release age for male An. gambiae as they readily exhibit swarming behavior and would supposedly achieve highest insemination rates in our study sites.
